Abstract Venous C02 loading and/or unloading using an artificial lung was performed on dogs to evaluate whether changes in the rate of carbon dioxide output (V002) can be involved in the control of respiration. As the signal providing J'2 information, small fluctuations in arterial Pco2 (4Paco2) which synchronized with the respiratory cycle were estimated from both the mean Pa002 and the fluctuations in arterial pH (4pH) measured with a catheter tip ISFET (ion sensitive field-effect transistor) pH sensor inserted in the common carotid artery. The open-loop method was used to analyze the effects of various respiratory parameters such as j02, tidal volume, and respiratory frequency on the changes in dpH and 4Paco2. Findings are: (1) 4Paco2 was linearly proportional to VC02 while the correlation between 4pH and VC02 was less linear, (2) magnitude of 4pH was dependent on the changes in tidal volume while 4Pa0O2 was not, (3) both the amplitude and the positive slope of Pa002 oscillation were functions of respiratory frequency. These results suggest the possibility that if Vco2 itself takes part in the control of ventilation, it will be C02 oscillation which links ventilation with Vco2.
intravenously (C02 loading), and metabolically produced C02 was removed from the venous circulation (C02 unloading). Venous blood was drained from the inferior vena cava through a cannula made of polyvinyl chloride (16 F, Argyle) and also from the peripheral ends of both jugular veins through silicone-rubber tubing (2 mm i.d.) to a 150 ml collapsible reservoir. As a C02 exchanger, we used a 1.6 m2 microporous polypropylene hollow fiber-type artificial lung with an indwelling heat exchanger (Capiox II-16, Terumo) which provided a sufficient C02 transfer capacity (100 ml/min of C02 at 2 liters/min of blood flow). Blood was then returned to the superior vena cava through another cannula (18 F, Argyle). The perfusion rate of the artificial lung measured by an electromagnetic flow meter (MF-25, Nihon Kohden) was set to 300-400 ml/min, corresponding to 30-50 % of the animal's cardiac output. Prior to insertion of the cannulas, 300 U/kg of heparin was administered, and a supplemental dose (100 U/kg) was given every 1 hr. The C02 transfer in the artificial lung was regulated by controlling the C02 concentration in the affluent gas to the artificial lung. The gas flow to the artificial lung was fixed at 3 liters/min.
Ventilation measurements. Ventilation of the animal was monitored by a calibrated Fleisch type pneumo-tachograph (dead space 15 ml). A minicomputer (MELCOM 70/25) sampled the output of the pneumo-tachograph (V) every 10 msec via an A/D convertor attached to the computer. The computer calculated respiratory frequency (f) by searching the zero-cross of V, and tidal volume (VT) by numerically integrating V. Carbon dioxide output (Pco2) was also calculated by the computer from the continuous analysis of respiratory gas using a mass spectrometer (MS-8, SRI), which was calibrated using standard gas analyzed by the Scholander method, according to the following equation; Pco2= Pco2 • Vdt/863, where Pco2 is C02 output in liters/min in STPD, V respiratory flow rate in BTPS, and Pco2 partial pressure of C02 in Torr in the respiratory gas. The time lag in the mass spectrometer (transport lag time=240 msec, 63 % response time=90 msec) was compensated for in the computer program. Calculation was made on a breath-by-breath basis and output variables (Pco2, f, VT, and VE) were displayed in real time on an 8 channel pen recorder via D/A convertors of the computer. The systemic arterial blood Pot, Pco2 and pH were analyzed intermittently with respective electrodes (BMS-3, Radiometer) calibrated before each measurement. Arterial pressure was measured with a strain gauge type pressure transducer (MPC300AS, Kyowa).
Measurement of pH and Paco 2 oscillations. Small oscillation of arterial pH was measured directly with a catheter tip ISFET (ion sensitive field-effect transistor) pH sensor (Kuraray) and a pH monitor (KR500, Kuraray). The sensor was encapsulated in the end of a catheter (1.2 mm o.d., 15 cm long) with a Ag/AgCI reference electrode. The sensor had a 63 % response time of about 120 msec to the step change in pH. A diode in the sensor permitted automatic compensation for temperature. After calibrating with precision buffers (pH=7.383, 6.841, Radiometer) at 37±0.5°C, the sensor was inserted in the left common carotid artery and advanced to the ascending aorta until pH oscillation was clearly detected. Paco2 oscillation (4Paco2) was calculated from the arterial pH oscillation (4pH) and from the mean Paco2 measured with the Radiometer. It has been demonstrated that the relationship between pH and log Paco2 is highly linear when hemoglobin is fully saturated with oxygen (SIGGARD-ANDERSON et al., 1960) , viz., pH=a+b•log Paco2,
(1) where a and b are constants. Therefore,
pH+4pH=a+bSlog
(Paco2-4Paco2) (2) consequently, we can calculate 4Paco2 from 4pH and mean Paco2 as follows:
Coefficients of pH-log Paco2 line were calculated from results of systemic arterial Paco2 and pH analyses by Radiometer. Procedure. Prior to measurement, the dog was paralyzed by succinylcholine chloride (Succin, 25 mg/kg) and was artificially ventilated by a respirator (Mark 7, Bird) . This procedure enabled the open-loop analysis, i.e., we could control respiratory variables, VT and f, independently. Artificial respiration was conducted with 100 % 02 so as to ensure full saturation of arterial blood. In this study we focused on three respiratory variables : J',, VT, and f The experiment was carried out in such a way that one variable was varied while the other two remained constant, for instance, altering J'2 under constant VT and f. After the veno-venous bypass was established, about 30 min was allowed to stabilize respiratory and circulatory parameters. Measurements were performed when all the variable completely reached a steady state. The 4pH value was obtained by averaging 10 samples in each run. Control measurements were carried out by shunting the artificial lung.
RESULTS
In each experiment, pH and log Paco2 were highly correlated with correlation coefficient above 0.96. The slope of the pH-log Paco2 relationship in Eq. 1, given by the linear fitting between pH and log Paco2, and Eq. 3 revealed that 0.01 pH unit of 4pH corresponds to 1.20 Torr of 4Paco2 under normocapnea. Figure  1 shows the time profile of the pH oscillation during venous C02 loading. In this experimental run, 4pH and calculated 4Paco 2 increased from 0.0188 and 1.84 Torr in the control (with no bypass, spontaneous respiration) to 0.0193 and 2.80 Torr in the venous C02 loading, respectively. These values were comparable with those obtained with the glass electrode (BAND et al., 1969a; BONDI and VAN LIEW, 1973) and from the mathematical model (YAMAMOTO, 1960) . (4pH) synchronizing with the respiratory cycle in a dog weighing 11.2 kg. 4pH was directly measured with a catheter type ISFET pH sensor inserted in the left carotid artery. Respiratory flow rate (V), 02 and CO2 partial pressure of the respiratory gas (Po2 and PCo2) are also given. The dog was artificially ventilated with 100% 02 under muscle relaxation. VCo2, VT, and f were controlled at 110 ml/min, 240 ml, and 10 breaths/min, respectively. Estimation of 4Paco, corresponding to the 4pH value in the figure was 2.80 Torr. Fig. 2 . Relationship between Vco2 and 4Paco2 obtained from 7 experiments. 17002 was arbitrarily controlled by changing the CO2 transfer in the artificial lung. In this procedure, only respiratory frequency (f) was fixed (10 breaths/min) because the tidal volume, different in each run (90-350 ml), did not have a significant effect on the relationship between 17002 and 4Paco2 (see Fig. 4 ). The control value of Vco2, obtained when shunting the artificial lung, was 9.60+2.21 ml/(min .kg). Different symbols indicate different animals. and 4pH were shown with the value corresponding to the resting VT which was taken as 100% in the ordinate. While 4PaCo2 was independent of the tidal volume above the resting value, 4pH increased linearly with tidal volume. Different symbols represent the data from different dogs.
nitude of tidal volume. In this procedure, mean Paco2 changed from 17 to 120 Torr since VE was almost fixed (open-loop analysis) ; nevertheless, changes in mean Paco2 did not influence the Vco2-4Paco2 relationship. Next we compared the responses of 4Pa002 and 4pH to venous C02 loading and/or unloading (Fig.  3) . A linear relationship between Vco2 and 4Pa002 was clearly observed, although the correlation between Vcp2 and 4pH was less significant (r=0.749) and the regression line did not intercept the origin of the coordinate axes. Figure 4 shows the influence of tidal volume on dPaco2 and dpH values, respectively, when both Vco2 and f were held constant in each dog. Values were normalized by those of VT= 15 ml/kg because the resting Vco2, which differs in each dog, affects them. While dpH increased linearly with tidal volume, no change was seen in 4Paco2 when tidal volume exceeded its resting level (10-15 ml/kg). This implies that dpH does not always change in parallel with dPaco2 although the genesis of both the oscillations should be the same, that is, the tidal oscillation of alveolar C02 tension. It can be assumed this is because dpH is not determined by dPaco2 alone but also by the combined effect of both dPaco2 and mean Paco2 as shown by Eq. 3. Therefore, if dPaco2 remains constant, 4pH rises with increased tidal volume as a result of the decrease in mean Paco2.
The influence of respiratory frequency on 4Paco2 was evaluated under constant Vco2 and VT. For the reason described above, the results were given as the percentage of the value when f=10 breaths/min. The magnitude of dPaco2 decreased in nearly inverse proportion to the increase in f (Fig. 5) . This frequency dependence of 4Pa002 is consistent with the observation of PLAAS-LINK and LoESCHCKE (1983) . The slope of the upstroke of 4Paco2 was calculated by dividing 4Paco2 by the expiratory period TE (Fig. 6) . The slope decreased with Vol. 34, No. 1, 1984 the increase in f This finding contrasts markedly with that of Saunders, who claimed from his model simulation study that the positive slope of the C02 oscillation was not affected by changes in respiratory frequency (SAUNDERS, 1980) .
DISCUSSION
Control engineering aspects of humoral respiratory control system. Since Gray proposed the multiple factor theory (GRAY, 1945) , the humoral respiratory control system has been described as a negative feedback loop. Though this model successfully simulated the kinetics of the respiratory system such as ventilatory response to C02 inhalation (GRODINS et al., 1954) , it does not readily explain the ventilatory response to muscular exercise and venous C02 loading.
In man, the increase in ventilation precedes that in Paco2 during the phase immediately after the onset of muscular exercise when any humoral factor which would drive ventilation seems unchanged (WASSERMAN and WHIPP, 1983) ; this has also been confirmed in the spinal cord transected animals (WEISSMAN et al., 1980; CROSS et al., 1982) . This fast response cannot be explained by a usual feedback controller because it is not until the sensor detects the "error" signal that the feedback controller starts to operate. Namely, in the negative feedback model, the respiratory center cannot increase ventilation if Paco2 remains constant.
Likewise, in a steady state the controller gain to Paco2, which is represented as the slope of the C02 response curve, should be infinite if we wish to explain isocapnic hyperpnea using the negative feedback model, despite the fact that the proportional gain of healthy subjects estimated from C02 inhalation may be approxJapanese Journal of Physiology imated to be 25 liters/(min • Torr) (CoMROE, 1974) . It is well established in the control theory that the more the controller gain increases, the more the stability of the system is impaired. Therefore, it is quite likely that a system having such a controller gain high enough to attain isocapnic hyperpnea will easily oscillate when disturbance is applied to the system. However, the real system is highly stable to any disturbance. From the theoretical standpoint, it is difficult to explain the coordination of the powerful control and the stability of the respiratory system by a negative feedback model alone. Consequently, it is necessary to propose anotherr control model to describe the kinetics of ventilation during endogeneous C02 loading. One possible model which provides stable and faster response is a feedforward control model (SWANSON, 1978; SAUNDERS, 1980) . It controls ventilation directly proportional to the disturbance to the system, and is substantially stable since there is no "loop" in the system. Moreover, the controller could start regulation of ventilation as soon as the sensor detects the disturbance, and does not require the "error" signal which is the system output in response to the disturbance. Namely, disturbances to the respiratory system can be suppressed before it changes the blood gas status. Ventilation has to match the carbon dioxide production of the body to maintain C02 homeostasis; therefore, it is reasonable to assume that the controller regulates ventilation according to Vco2 as the unique disturbance to the system. Accordingly, we assumed a model for the control of respiration in which the controller is directly driven by V00, with the conventional negative feedback controller.
Conveyer of the information on metabolism. Efforts have been made to link V0, and VE via C02 oscillation since Yamamoto first suggested that the oscillation of Paco, with tidal breathing was affected by endogeneous C02 load. The relationship between C02 loading and C02 oscillation has been confirmed in animal experiments. BAND et al. (1969a, b) measured pH oscillations in the anesthetized cat and compared changes in pH oscillation under various forms of C02 administration. They found increases in the amplitude and the slope of pH oscillation (4pH/dt) with intravenous C02 administration while both amplitude and the slope decreased during C02 inhalation. It has also been shown in man using a left brachial artery cannula that during exercise both amplitude and the slope of pH oscillation increased with Vcp2 (BAND et al., 1980) . CROSS et al. (1982) found a logarithmic relationship between the maximum slope of the downstroke of pH oscillation ((d pH/dt)~mag) and V00, during on-transient of electrically induced exercise in the dog. However, they found that tidal volume continues to increase with Vc0, after (d pH/dt)[,max has reached a plateau. They concluded that (d pH/dt)~max is not the only humoral signal present during exercise.
In most studies, oscillations of pH were measured as an equivalent of Paco, oscillation. This is due to technical reasons. Since a conventional Severinghaus type Pco2 electrode requires about 1 min to achieve its full response, it can hardly detect Paco2 oscillation having a fundamental frequency component on the order of 0.1 Hz. Therefore, the quantitative evaluation of the effect of J'2 changes on the oscillation is limited to the pH oscillations that can be observed by a fast response glass electrode with a 90 % response time of less than 1 sec. However, it is clear from Eq. 3 that 4pH and 4Paco2 do not change in parallel; that is, 4pH is determined by mean Paco2 in addition to 4Paco2. Therefore, not only 4pH but also slight changes in mean Paco2 should be taken into account in estimating the true 4Paco2 value.
The present experiment systematically demonstrated properties of pH and Paco2 oscillations by open-loop analysis. 4pH and 4Paco2 kinetics showed marked discrepancy according to the background C02 level, although both 4pH and 4Paco2 are accepted as signals which mediate information on metabolic rate (Fig. 3 ). Figure 4 clearly shows the interaction between 4pH and VT. This implies that 4pH is not suitable for a feedforward signal mediating information to chemoreceptors. The rise of F 2 at first induces greater oscillation of pH and, when ventilation is enhanced by 4pH increase, the increase in tidal volume will augment pH oscillation secondarily. Thus, this increase of 4pH will cause a vicious cycle or a positive feedback loop. Hence we will investigate the feasibility of 4Paco2 as the signal for Vco2 hereafter.
In the feedforward model, the signal responsible for controlling ventilation should be independent of controlled variables (i.e., tidal volume, respiratory frequency) because it will be modified if there is a path from controlled variables (VT, f) to the signal. As shown in Fig. 5 , the amplitude of 4Paco2 is modified by respiratory frequency and this observation is consistent with the result obtained by the direct measurement of Paco2 oscillation with the fast responding electrode (90% response occurred in less than 1 sec) (PLAAS-LINK et al., 1976) . SAUNDERS (1980) predicted from his model simulation study that the positive slope of Paco2 oscillation is responsible for a feedforward signal which is linearly dependent on C02 output but not affected by respiratory frequency. However, we could not demonstrate Saunders' assumption in the dog. The mean slope of Paco2 oscillation (4Paco2/TE) decreased significantly as respiratory frequency increased (Fig.  6) . Consequently, both amplitude and the slope of Paco2 oscillation could provide precise feedforward signals for Vco2 only when respiratory frequency does not alter widely.
Role of C02 oscillation in the control of respiration. It has been shown that the carotid body can respond to Paco2 oscillations either by its amplitude and/or the slope of 4Paco2 (PLAAS-LINK and LOESCHCKE, 1983; BAND et al., 1978; GEHRICH and MOORS, 1973; ELDRIDGE, 1972; BISCOE and PURVES, 1967) . There are indications suggesting that Paco2 oscillation via carotid body is involved in the control of breathing. It is found that in patients having resected carotid bodies the ventilatory response to the exercise is retarded (WASSERMAN et al., 1975) . Also in a steady state, carotid body denervation abolishs the isocapnic response to the venous C02 loading in unanesthetized sheep (PHILLIPs0N et al., 1981a) . Moreover, attenuation of Paco2 oscillation with the mixing chamber connected to the carotid artery diminished ventilation in venous C02 loading (LINTON et al., 1977) . Hence, the contribution of the Paco2 oscillation to the control of respiration may be superimposed on the usual humoral drive derived from the peripheral and the central receptors.
